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We have investigated temperature and angular dependence of resistivity of 

0.70(7) 



Fei.55(7)Sei 



01(2)So.99{2) 



and Ko.76(5)Fei.6i(5)Seo 



i.96(4)Sl.04(5) 



single crystals. The upper 



critical fields ^oHc2{T) for both field directions decrease with the increase in S content. On 
the other hand, the angle-dependent magnetoresistivity for both compounds can be scaled onto 
one curve using the anisotropic Ginzburg-Landau theory. The obtained anisotropy of i-ioHc2{T) 
increases with S content, implying that S doping might decrease the dimensionality of certain Fermi 
surface parts, leading to stronger two dimensional character. 

PACS numbers: 74.25. Op, 74.70.Xa, 74.25. F- 



o 
o 

u . 

Oh- 



o 

> 
oo 

m 

^' 

O 



X 



I. INTRODUCTION 

Iron-based superconductors have stimulated intense 
activity after the discovery of LaFeAs0i_j;F2, with T^, 
= 26 K (FeAs-1111 type)^ Since then, the family 
of iron-based superconductors has been gradually ex- 
panded to include AFe2As2 (A = alkaline or alkaline- 
earth metals, FeAs-122 type)^, LiFeAs (FeAs-111 type)^, 
and a-PbO type FeCh (Ch = S, Se, or Te, FeSe- 
11 type)^. Even though these compounds share sim- 
ilar structural features and possible same pairing s± 
symmetry^, the superconducting properties exhibit pro- 
nounced difference. Among these, the diversity of tem- 
perature dependence of the upper critical field ^J.oHc2{T) 
attracts much interest since it provides valuable infor- 
mation on the fundamental superconducting properties. 
These include coherence length, anisotropy, details of 
underlying electronic structure, dimensionality of super- 
conductivity as well as insights into the pair-breaking 
mechanism. For FeAs-1111 type and FeAs-122 type 
superconductors, the ii.qHc2{T) can be described us- 
ing a two-band model^~— . However, for FeSe-11 type 
and arsenic-deficient FeAs-1111 type compounds, the 
1^qHc2{T) exhibits Pauli-limiting behavior and satisfies 
the single-band Werthamer-Helfand-Hohenberg (WHH) 
theory with strong spin-paramagnetic effect and spin- 
orbital interaction^" 

Very recently, new family of iron-based superconduc- 
tors A^Fe2-ySe2 (A = K, Rb, Cs, and Tl, AFeSe-122 
type) with maximum Tc w 33 K has been reportecU^ 
— . Superconductivity in AFeSe-122 materials is in prox- 
imity to an antiferromagnetic (AFM) semiconducting 
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This is different from other iron based su- 



perconductors, which are usually close to spin density 
wave (SDW) instability, and similar to cuprates where 
parent compounds are AFM Mott insulators. There- 
fore, it is of interest to study whether this kind of dif- 
ference will lead to different behavior of /io^^c2(T). Pre- 
liminary fioHc2,c{T) and fJ-oHc2,ab{T) of AFeSe-122 es- 
timated within simplified WHH model are about 40-70 
T and 120-220 T, respectively, giving the anisotropy of 



HoHc2{0) about 3-4iia5|iii20 However, the hqH^2{T) of 
K^Fe2-ySe2 measured up to 60 T deviates from the WHH 
model and is similar to FeAs-122 materials^!. 

Insulating ¥^x^G2-y^2 is isostructural with 



K^Fe2_„Se2 



It is of interest to study changes 



of Mo-ffc2(r) in AFeSe-122 with S doping. In 
this work, we report the upper critical field 
anisotropy of Ko.7o(7)Fei.55(7)Sei.oi(2)So.99(2) and 
Ko.76(5)Fei.6i(5)Seo.96(4)Si.o4(5) single crystals. We show 
that both ilqHc2.c{T) and fJ.oHc2.ab(T) decrease with S 
doping but the anisotropy of ^qHc2{T) is larger than in 
K^Fe2_„Se2. 



II. EXPERIMENT 

The details of crystal growth and structure char- 
acterization are reported elsewhere in detai P^i^'^ . 
The average stoichiometry determined by en- 
ergy dispersive X-ray spectroscopy (EDX) was 
K:Fe:Se:S = 0.70(7):1.55(7):1.01(2):0.99(2) and 
0.76(5):1.61(5):0.96(4):1.04(5) for S-99 and S-104, 
respectively. The in-plane resistivity pab{T) was mea- 
sured using a four-probe configuration on rectangularly 
shaped and polished single crystals with current flowing 
in the ab-plane of tetragonal structure. Thin Pt wires 
were attached to electrical contacts made of Epotek 
H20E silver epoxy. Sample dimensions were measured 
with an optical microscope Nikon SMZ-800 with 10 
/im resolution. Electrical transport and magnetization 
measurements were carried out in a Quantum Design 
PPMS-9 and MPMS-XL5. 



III. RESULTS AND DISCUSSION 

Fig. 1(a) shows the temperature dependence of in- 
plane resistivity Pab{T) at zero field from 10 K to 300 
K. Similar to Kx¥e2-ySe2, both S-99 and S-104 exhibit 
semiconducting behavior at high temperature and then 
cross over to metallic behavior. With further decrease in 
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FIG. 1. (a) Temperature dependence of the in-plane resis- 
tivity pab{T) of S-99 and S-104 at zero field. Inset shows 
resistivity near superconducting transition temperature, (b) 
Temperature dependence of dc magnetic susceptibility of S-99 
and S-104 with ZFC and FC. 



(a) 



0.16 



o 0.08 



0.04 
0.02 
0.00 

(c) 0-16 
0.14 
0.12 
-.0.10 
o 0.08 
3^0.06 
°-'0.04 
0.02 
0.00 



S-flB — - 


H//C /777, 


y/ / / [If- — oT 




/ / / /// — 




/ / / nl — 




III 2T 




//III — 




\ \ \ III 4T 




1 1 (1 5T 




II 




11 




1/1/ 




/ / /ill 9T, 



) 5 10 


15 20 25 30 
T(K) 


S-104 










/ / / 1 1 °^ 




III] "'^^ 




/ / 




1 1 1 








1 1 1 








J j j 







2 4 6 8 1012141618202224 
T(K) 



(b)0.18 
0.16 
0.14 
_0.12 
E 0.10 
a 08 
"^0.06 
^0.04 
0.02 

0.00 

1 

(d)0-16 
0.14 
0.12 
^0.10 
i 0.08 
So.06 
°-°0.04 
0.02 
0.00 



.S-99 






.H//ab / 






/ / / /// 




/ // /// 








/ / /// 




/ / /// 




/ / /// 




// /// 







s-104 




"H//ab / 






III I 




/ / / // / 




' lllll ''^ 




I j ill 2T 




1 1 II 




1 5T 




/ / /// 




y JJ/ 9T 



FIG. 2. Temperature dependence of the resistivity pabiT) in 
magnetic fields for (a) H||ab and (b) H||c of S-99 and (c) H||ab 
and (d) H|[c of S-104. 



temperature, there are sharp superconducting transitions 
with Tconset = 23.5(1) K and 18.0(2) K for S-99 and S- 
104, respectively. It should be noted that the large shift 
of Tc in our crystals can not be explained by the small 
variations of K and Fe contentsi2i2£. Fig. 1(b) shows 
the temperature dependence of the dc magnetic suscep- 
tibility of S-99 and S-104 for [LqH = 1 mT along the ab- 
plane. The zero-field-cooling (ZFC) susceptibilities show 
that the superconducting shielding emerges at about 18.0 
K and 20.4 K for S-99 and S-104, consistent with the 
obtained from resistivity measurement. The supercon- 
ducting volume fractions estimated from the ZFC mag- 
netization at 1.8 K are about 0.41 and 0.58 for S-99 and 
S-104, respectively, indicating substantial, albeit still fil- 
amentary superconducting volume fraction. 

Fig. 2 shows temperature dependent resistivity of 
PahiT) of S-99 and S-104 in magnetic fields up to 9 T 
for H||c and H||ab. With increasing magnetic fields, the 
superconducting transitions shift to lower temperature 
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FIG. 3. Temperature dependence of the resistive upper crit- 
ical field /ioi^c2(^) of S-99 for (a) H||ab and (b) H|lc, and of 
S-104 for (c) H||ab and (d) H||c. 



gradually and transition widths become broader. This 
trend is more obvious for H||c than for H||ab. This 
is similar to Fe(Te,Se) and Fe(Te,S) single crystal o^'^" . 
When compared to pronounced broadening of resistivity 
in magnetic field in FeAs-1111 compounds for H||o2ii2^, 
the broadening of resistivity in AFeSe-122 materials is far 
smaller for both field directions, similar to the FeAs-122 
and FeSe-11 compounds2ii£i2&i21. This indicates that the 
vortex-liquid state region should be narrower in AFeSe- 
122. It should be noted that this narrow transition 
widths could also have contribution from the normal 
state parts of samples. On the other hand, the super- 
conductivity in S-99 and S-104 is more sensitive to the 
field for H||c when compared to undoped K:rFe2_ySe2. 
The Tc,o„set of S-99 has shifted to 7.6(2) K at ^.^H = 
9 T, whereas for S-104, the superconductivity has been 
suppressed completely above 1.9 K even at hqH = 7 T. 
This indicates that the HoHc2,c{T) of S-99 and S-104 are 



much lower than in K2,Fe2-j,Se2. 

Fig. 3 presents the temperature dependence of the re- 
sistive upper critical fields HoHc2{T) of S-99 and S-104 
determined from resistivity drops to 90% (Onset), 50% 
(Middle) and 10% (Zero) of the normal state resistivity 
Pn,ab{T, H) for both field directions. The normal-state 
resistivity Pn,ab(T, H) was determined by linearly extrap- 
olating the normal-state behavior above the onset of su- 
perconductivity in PabiT, H) curves. It can be seen that 
the pqHc2{T) for H||c is much smaller than that for H||ab. 
Hence the low field anisotropy of pqHc2{T) for both of 
S-99 and S-104 is large, similar to K^Fea-^Sea^ii^i^o. 
On the other hand, the low field positive curvature of 
PoHc2,abiT) shows a slight positive curvature which may 
be due to a crossover from three dimensions (3D) to two 
dimensions (2D)^^. 

According to the conventional single-band WHH the- 
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FIG. 4. Fits to yLoHc2.c{T) and noHc2.ab{T) using the simpli- 
fied WHH theory for (a) S-99 and (b) S-104. The fJ,oHc2,c{T) 
and iJ.oHc2,ab{T) of S-99 and S-104 are determined from 90% 
of p„m{T,H). 



ory which describes the orbital limited upper critical field 
of dirty type-II superconductors^, the /Ltoi?c2 can be de- 
scribed by 



\n-=ip(- + — ) - ip(-) 
where t = T /Tc, V' is a digamma function and 



(1) 



TT^T,{-dH,2/dT)T=T^ 



(2) 



Using the measured Tc^onset and setting the slopes of 
IJ,oHc2{T) near Tc^onsetilJ-oH = 0), -d{fj,oHc2)/dT\T=T,, 
as free parameters, the ^o^^c2(0) of S-99 and S- 
104 along both field directions can be obtained 
using the simplified WHH model. As shown in 
Table 1, the fitted —d{fioHc2) / dT\T=Ta are much 
smaller than in K2;Fe2_j,Se2, which are about 2-3 
T/K for H||c and 6-10 T/K for H||abi^. Corre- 
spondingly, the fioHc2{0) for both field directions 
are also much smaller than in Ka;Fe2-j/Se2^'i^i^'2i. 
From the /ioi?c2(0), zero-temperature coherence 
length ^(0) can be estimated with Ginzburg- 
Landau (GL) formula /io-ffc2 c(0)=$o/[27r^ab(0)], and 
Aioi?c2,a6(0)=$o/[27rU(0)ec(0)'] where $o=2.07x IQ-i^ 
Wb. The zero-temperature anisotropy (r(0) 

= i?c2,a6(0)/i?c2.c(0)) obtained from WHH fits for 
S-99 and S-104 is 4.26 and 5.56, respectively. The r(0) 
of S-104 is larger than that of S-99, and both are larger 



than in K2:Fe2-wSe2' 



14.15.20 



All obtained parameters are 



listed in Table 1 and the fitting results are show in fig. 
4. 

It should be noted that the fJ,oHc2,c{T) of S-99 can 
be fitted linearly with slightly lower fitting error when 



compared to simplified WHH theory, whereas the fit- 
ting quality using simplified WHH theory is much bet- 
ter than linear function for S-104. This linear behav- 
ior has also been observed in KxFe2-ySe2r^- It im- 
plies that S doping could change the temperature de- 
pendence of fJ.oHc2.ciT) possibly due to the changes of 
band structure. Agreement with simplified WHH the- 
ory with temperature far below Tc for H||c implies that 
for S-99 the orbital effect should be the dominant pair- 
breaking mechanism and spin-paramagnetic effect and 
spin-orbital interaction could be negligible when the mag- 
netic field is applied along c axis. This is different from 
FeSe-II materials where the fioHc2,c{T) exhibits Pauli- 
limiting behavior and strong spin-orbital interaction has 
to be considered^iiS,. Pauli limiting field is /xo-ffp(O) = 
1.86rc(l + Ae-p/i)"^/^, where Xe-ph is electron-phonon 
coupling parameter—. Using the typical value for weak- 
couphng BCS superconductors {Xe-ph = 0.5)^, we ob- 
tain fioHp{0) = 53.5 T and 41.0 T for S-99 and S-104, 
respectively. Both values are larger than extrapolated 
Mo-f^c2.c(0) using simplified WHH theory for S-99 and S- 
104 and also larger than the value determined from linear 
extrapolation ifioHc2A0) = 13.47(4) T) for S-99. On the 
other hand, the /io-ffc2,c(2^) in measured region cannot 
be fitted using two-band model, which is different from 
FePn-IIII and FeAs-122 materials^. Experiments in 
higher field and lower temperature are needed in order 
to shed more light on the upper critical field behavior for 
both magnetic field directions. 

There is uncertainty in estimated anisotropy ratio, con- 
nected with the uncertainty in determining the upper 
critical field values from resistivity. This can be solved to 
some extent by the measurements of angular-dependent 
resistivity pab{0, HoH). Fig. 5 (a) and (b) shows the 
angular-dependent resistivity for S-99 at 20 K and S-104 
at 17 K, respectively. All curves have common cup- like 
shape and the minimum value at = 90°, where 9 is the 
angle between the direction of external filed and the c 
axis. This indicates that the upper critical field along the 
ab plane is larger than along the c axis for both samples. 
According to the anisotropic GL model, the effective up- 
per critical field H^'^iO) can be represented as^ 



fioH^2 (6) = Moffc2,ab/(sin^ e + cos' 



Nl/2 



(3) 



where F = Hc2,ab/Hc2,c = [jnc/mabY^'^ = £.ab/£.c- 
Since the resistivity in the mixed state depends on the 
effective field H/H^'^iO), the resistivity can be scaled 
with H/H^^{9) and should collapse onto one curve in 
different magnetic fields at a certain temperature when a 
proper T{T) value is chosen^^. Fig. 6 shows the relation 
between resistivity and scaling field fioHs — /ioi?(sin^ 9+ 
F^cos^fl)^/^. It can be seen that by adjusting F(T), a 
good scaling behavior for S-99 and S-104 can be obtained. 
The determined F(T) are shown in the insets of fig. 6(a) 
and (b). The values are similar to those obtained from 
fig. 3. But because only one fitting parameter F(T) can 
be adjusted for scaling at each temperature, the obtained 
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TABLE I. Superconducting parameters of S-99 and S-104 single crystals. 
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ilc2.ab / -n-c2,c ) 






(K) 


(T/K) 


(T) 




(nrn) (nm) 


S-99 H||ab 


23.5(1) 


2.74(7) 


44.69 


4.25 


5.60 1.32 


H||c 


23.4(1) 


0.649(7) 


10.51 






S-104 H||ab 


18.0(2) 


3.15(4) 


39.22 


6.34 


7.29 1.15 


H|lc 


17.9(1) 


0.499(4) 


6.19 
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FIG. 5. Angular dependence of pab{9, fJ-oH) for (a) S-99 at 20 
K with ^J.oH = 1, 1.5, 2, 3, 4, 5, 6, 7, 8, and 9 T and (b) S-104 
at 17 K with fj,oH = 0.75, 1, 2, 3, 4, 5, 6, and 7 T. 



value of r(r) is more reliable than that determined from 
the ratio of ^ioHc2,ab[T) to ptoHc2,c{T) (which may be in- 
fluenced by difference among onset, middle and zero resis- 
tivity as well as possible misalignment of field). For both 
crystals, the T{T) determined for GL theory exhibits the 
same trend. Anisotropy increases with decreasing tem- 
perature from 22 K to 21 K for S-99 and from 17 K to 
16 K for S-104 and then almost unchanged (as shown in 
the insets of Fig. 6 (a) and (b)). The similar behavior is 
also observed in pure Kj:Fe2_ySe2^. It should be noted 
that the anisotropy increases with S doping. It changes 
from - 3 for pure K^Fea-^^Sea to ~ 6 for S-104iiii^i^i2i. 
The larger anisotropy with increasing S content may sug- 
gest that two dimensional Fermi surface is becoming less 
warped with S doping^i. 
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FIG. 6. Scaling behavior of the resistivity versus ^oHs = 
fj,oH{cos'^ e + r'^ sin^ 9)^^^ for (a) S-99 and (b) S-104 at differ- 
ent magnetic fields and temperatures. The inset (a) and (b) 
show the temperature dependence of r(r) determined using 
GL theory and from fig. 3 for S-99 and S-104, respectively. 



IV. CONCLUSION 

In conclusion, we have investigated the upper 
critical fields of Ko.7o(7)Fei.55(7)Sei. 01(2)80.99(2) and 
3i.6i(5)Seo.96(4)Si.o4(5) single crystals. When 



Ko.76(5)Fei 



compared to pure Ka;Fe2-j/Se2, it is found that the 
Mo^^c2(r) decreases with the increase S content for both 
field directions. Moreover, the temperature dependence 
of ^ioHc2.c{T) indicates that spin-paramagnetic effect and 
spin-orbital interaction could be negligible for H||c. On 
the other hand, it is found that angular-dependence 



5 



of resistivity pab{d,H) follows a scaling law based on 
the anisotropic GL theory. The values of mass tensor 
anisotropy r(T) increase with increasing S content. 
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